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Abstract
p53 is an important tumor suppressor gene which is mutated in ~50% of all human cancers.
Some of these mutants appear to have acquired novel functions beyond merely losing wild-
type functions. To investigate these gain-of-function effects in vivo, we generated mice of
three different genotypes: MMTV-Hras/p53+/+, MMTV-Hras/p53-/-, and MMTV-Hras/
p53R172H/R172H. Salivary tumors from these mice were characterized with regard to age of
tumor onset, tumor growth rates, cell cycle distribution, apoptotic levels, tumor histopatholo-
gy, as well as response to doxorubicin treatment. Microarray analysis was also performed
to profile gene expression. The MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172Hmice
displayed similar properties with regard to age of tumor onset, tumor growth rates, tumor
histopathology, and response to doxorubicin, while both groups were clearly distinct from
the MMTV-Hras/p53+/+mice by these measurements. In addition, the gene expression pro-
files of the MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H tumors were tightly clus-
tered, and clearly distinct from the profiles of the MMTV-Hras/p53+/+ tumors. Only a small
group of genes showing differential expression between the MMTV-Hras/p53-/- and MMTV-
Hras/p53R172H/R172H tumors, that did not appear to be regulated by wild-type p53, were iden-
tified. Taken together, these results indicate that in this MMTV-Hras-driven salivary tumor
model, the major effect of the p53 R172H mutant is due to the loss of wild-type p53 function,
with little or no gain-of-function effect on tumorigenesis, which may be explained by the tis-
sue- and tumor type-specific properties of this gain-of-function mutant of p53.
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Introduction
p53 is widely regarded as one of the most important tumor suppressor genes, as it is mutated
in over 50% of all human cancers, and the p53 pathway is found to be inactivated in most if not
all tumors [1]. p53 knock-out mice are largely normal at birth, indicating a non-essential role
for p53 during embryonic development. However, the mice are highly tumor-prone, with the
majority developing lymphomas and sarcomas by 6 months of age, underscoring p53’s essen-
tial tumor suppressor function [2–5]. The p53 protein executes its tumor-suppressive functions
primarily through its role as a sequence-specific transcription factor [6]. Upon stabilization
and activation by oncogenic signals or other types of cellular stresses, including DNA damage,
hypoxia, nutrient deprivation and reactive oxygen species (ROS), p53 transactivates or transre-
presses a panel of downstream effector genes which are involved in mediating multiple cellular
responses, including transient G1 cell cycle arrest, DNA repair, cellular senescence character-
ized by a permanent cell cycle arrest, and apoptosis [2,7].
Most p53 mutations arise somatically during tumor development and progression. Howev-
er, p53 mutations can also be transmitted in the germ-line and give rise to cancer predisposi-
tion conditions called Li-Fraumeni Syndrome (LFS) and Li-Fraumeni-like Syndrome (LFL)
[8–10]. Unlike changes in other classical tumor suppressor genes during tumorigenesis, which
frequently involve frame-shift or nonsense mutations, nearly three-quarters of both somatic
and germ-line p53 mutations are missense mutations, according to the latest release (R17) of
the IARC p53 mutation database [1] (also see http://www-p53.iarc.fr/). The vast majority of
these missense mutations are clustered in the central DNA-binding domain of the p53 protein,
either affecting residues directly contacting DNA (DNA contact mutations), or those impor-
tant for maintaining the conformation of the DNA-binding domain (conformational or struc-
tural mutations). Both classes of mutations disrupt the sequence-specific DNA-binding
function of the p53 protein, thus preventing p53 from acting as a transcription factor [11,12].
In addition to loss of the wild-type functions, some p53 mutants also demonstrate dominant-
negative effects over the remaining wild-type allele, preventing the wild-type p53 protein from
inhibiting cellular transformation [13,14]. Further, a subset of p53 missense mutants have been
shown to possess a variety of novel gain-of-function properties. When expressed in a p53-null
background, these p53 mutants confer accelerated cell growth in vitro [15–21], increased
tumorigenicity in mouse xenograft models [16,20,22–24], anti-apoptotic effects and chemore-
sistance [25–30], exacerbated genomic instability [25,31–33], enhanced somatic cell program-
ming [34], disruption of tissue architecture [35], and increased migration, invasion and
metastasis [16,36,37]. Although the mechanism(s) contributing to these gain-of-function ef-
fects are still under investigation, several models have been proposed. Firstly, a subset of
tumor-derived p53 mutants physically interact with a host of cellular proteins such as p63/73,
MRE11, PML and Pin1 [38]. Interaction between mutant p53 and the p53 family members
p63/73 leads to altered activities of these sequence-specific transcription factors and contrib-
utes to promotion of chemoresistance, migration, invasion and metastasis [36,37]. Alternative-
ly, mutant p53 may also transcriptionally regulate a novel set of genes, many of which are
involved in increasing cell proliferation, inhibiting apoptosis, promoting chemoresistance, and
regulating metabolism as well as cell-cell/cell-ECM signaling pathways [13,38–40]. The altered
target affinity in transcriptional regulation by mutant p53 is postulated to be mediated through
interaction with other sequence-specific transcription factors, thus inducing or repressing their
target gene expression.
Although the majority of studies characterizing the gain-of-function properties of mutant
p53 have been conducted using cell culture systems, a variety of genetically engineered mouse
tumor models have also been developed for examining the effects of mutant p53 in vivo. For
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example, when p53 R172H, which is equivalent to the hot-spot human p53 R175H mutant (a
conformational mutation), was expressed in the epidermis [41] or mammary glands [42] of
transgenic mice, accelerated carcinogen-induced skin or mammary tumorigenesis was ob-
served in the corresponding mouse models. These mutant p53-expressing tumors also demon-
strated features of advanced malignancy when compared to wild-type p53-expressing
counterparts. Knock-in mouse models of p53 R172H and R270H (a hot-spot DNA contact mu-
tant, equivalent to human R273H) have also been generated by two different groups, allowing
for a comparison of the effects of null versus gain-of-function mutants on the tumor phenotype
of these mice [45,46]. Although survival time was not significantly different between mice har-
boring the mutant p53 alleles and p53-deficient mice, mutant p53 knock-in mice displayed an
altered tumor spectrum, with a greater number of mice developing carcinomas, and the tumors
that arose metastasized with a much higher frequency [43,44].
Although the mutant p53 knock-in mice allowed for the comparison of tumorigenesis and
tumor properties in mice carrying p53 null and p53 gain-of-function alleles, direct compari-
sons within a particular tumor type were complicated by the fact that mice in these models de-
velop multiple tumor types. We therefore sought to create animal models that would allow for
a head-to-head comparison of the effects of p53 null and gain-of-function mutations within
the context of a single tumor type. Our lab previously utilized the MMTV-v-Ha-ras (MMTV-
Hras) transgenic mouse mammary/salivary tumor model [45] crossed with p53 null mice [3]
to study the influence of p53 loss on tumorigenesis and tumor properties. While the MMTV-
Hras/p53+/+ mice develop both mammary and salivary tumors, salivary tumorigenesis was
greatly accelerated in the MMTV-Hras/p53-/- mice. The MMTV-Hras/p53-/- salivary tumors
had higher histopathological grades, growth rates, S-phase fractions, and genomic instability
than the MMTV-Hras/p53+/+ tumors [46]. In addition, the MMTV-Hras/p53+/+ tumors re-
sponded better to doxorubicin treatment than the MMTV-Hras/p53-/- tumors, due to a de-
crease in S phase fraction and an increase in G1 phase fraction, effects which were absent in the
treated MMTV-Hras/p53-/- tumors [47]. No significant difference in apoptotic levels was iden-
tified in this tumor model, regardless of the p53 status and treatment, likely due to the anti-apo-
ptotic effects of the activated Ras signaling pathways driving tumorigenesis in this model.
In the current study, we have included p53 R172H as the third p53 status in this tumor
model by crossing theMMTV-Hrasmice to p53 R172H knock-in mice [46], and have per-
formed head-to-head comparisons of the effects of the three classes of p53 status on salivary tu-
morigenesis, tumor properties, and tumor response to doxorubicin. While the MMTV-Hras/
p53+/+ tumors differed significantly from both the MMTV-Hras/p53-/- and MMTV-Hras/
p53R172H/R172H tumors in these measurements, p53 null and R172H tumors exhibited very sim-
ilar properties. We also performed gene expression profiling on salivary tumors of the three ge-
notypes and identified the differentially regulated genes among the three classes. Again, the
p53+/+ tumors clustered separately from the other two classes, but there were relatively few
gene expression differences between the p53 null and R172H tumors. These results indicate
that, within the context of activated Ha-ras expression in the mouse salivary gland, the primary
effect of p53 R172H mutation is the loss of wild-type p53 function, with little discernable gain-
of-function effect on tumorigenesis.
Materials and Methods
Ethics Statement
All animal studies and care were performed under the guidelines of the Virginia Common-
wealth University (VCU) Institutional Animal Care and Use Committee (IACUC), in accor-
dance with the principles and procedures outlined in the National Research Council “Guide for
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the Care and Use of Laboratory Animals” under Assurance Number A3281-01. Specific ap-
proval for these studies was granted by the VCU IACUC under protocol #AM10313, entitled
“Molecular Genetics of Tumorigenesis in Transgenic Mice”. Pain and distress resulting from
tumor development was minimized by euthanizing any mouse with a palpable tumor of
2500mm3 or displaying indications of morbidity.
Generation of MMTV-Hras, MMTV-Hras/p53-/- and MMTV-Hras/
p53R172H/R172Hmice
MMTV-Hras and MMTV-Hras/p53-/-mice were generated as described in [46], and have been
maintained on a Balb/c x C57BL/6 (CB6) genetic background for>30 generations (including
multiple generations of breeding of colony mice to purchased CB6F1 mice.) p53R172H/+ mice
were generously provided by Dr. Gigi Lozano (The University of Texas MD Anderson Cancer
Center) [44]. To generate MMTV-Hras/p53R172H/R172H mice, p53R172H/+mice on a C57BL/6
background were initially mated to MMTV-Hras/p53+/- mice on a CB6 background. The colo-
ny was subsequently maintained on the C57BL/6 x BALB/c mixed background by interbreed-
ing of mice from this colony. Mice were genotyped by PCR for determination of ras transgene
and p53 status [44,46].
Identification of salivary tumor onset and measurement of tumor weight
Mice were monitored visually or by palpation 2–3 times weekly for the presence of tumors aris-
ing from the salivary glands (parotid, submandibular, and sublingual glands). Once a tumor
was detected, tumor size was measured (3 times per week initially and daily as the tumor be-
came larger) by caliper measurement of the width and length of the tumor. Tumor weight was
estimated using the formula: tumor weight (mg) = (L x W2)/2, where L is the length andW is
the width of the tumor in mm. Tumor-bearing mice were sacrificed when the weight of the
tumor approached 2500 mg (or smaller for some studies) and the tumor was dissected out. The
tumor mass was then cut into multiple sections, one of which was placed in 10% formalin and
the rest into 1.2 ml cryovials which were then flash frozen in liquid nitrogen and stored at -80°.
Analysis of age of tumor onset and tumor growth rates
Age of tumor onset data were recorded for all male MMTV-Hras/p53+/+, MMTV-Hras/p53-/-,
and MMTV-Hras/p53R172H/R172H mice. The survival function was used to calculate the salivary
tumor-free survival for each group of mice using GraphPad Prism 4. Mice that died or were
sacrificed without developing a salivary tumor were censored in the survival analysis. Only tu-
mors with initial palpable size<500 mg were used to calculate mean tumor weights for plotting
tumor growth curves.
Immunoblotting and immunohistochemistry
For immunoblotting, tumor protein was extracted from frozen tissue using PIERCE RIPA
buffer, supplemented with additional 1X protease inhibitor cocktail containing 50mMNaF,
1mMNa3VO4, 17.5mM β-glycerophosphate, and 1mM PMSF (Calbiochem). For immunohis-
tochemistry, tumor tissues fixed in 10% phosphate-buffered formalin were transferred to
70% ethanol after 48 hours to preserve antigens. Fixed tumor tissues were paraffin embedded
and cut into 5μm sections for staining. Primary antibodies and dilution used for immunoblot-
ting include: p53 (CM5, Novocastra) at 1:1000; p19ARF (ab80, Abcam) at 1:1000; p16 (M-
156, Santa Cruz Biotech) at 1:1000; p15 (K-18, Santa Cruz Biotech) at 1:1000 and Actin
(C-11, Santa Cruz Biotech) at 1:1000. HRP-conjugated Secondary antibodies (Jackson
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
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ImmunoResearch Laboratories) were used at 1:2000 dilution. An enhanced chemilumines-
cence (ECL) assay (PerkinElmer) was used and documented either on Kodak X-Omat Blue
XB-1 film or by an AlphaEase digital imaging system (Alpha Innotech). Primary antibodies
and dilution used for immunohistochemistry include: Ki-67 (Clone SP6, Lab Vision) at 1:200;
cleaved caspase 3 (Biocare Medical) at 1:100; p53 (CM5, Novocastra) at 1:100.
Characterization of tumor response to doxorubicin
A subset of salivary tumor-bearing mice in each genotypic group were treated with doxorubi-
cin. When the weight of the tumor reached 500–700 mg, the mouse was subjected to a 9-day
treatment schedule at a dose of 2 mg/kg doxorubicin/day, injected IP. During the treatment pe-
riod, tumor dimensions were measured daily and tumor weight calculated the same way as in
the tumor growth analysis. Only tumors with initial palpable size<800 mg were used to calcu-
late mean tumor weights for plotting tumor growth curves.
Gene expression profiling by microarray analysis
For RNA extraction, 20–40 10 μm frozen sections from each candidate tumor were collected.
RNA was extracted using TRIZOL reagent (Invitrogen Life Technologies), according to the
manufacture’s protocols. Total RNA isolated from the tumor sections was subjected to a clean-
up step using the RNeasy Mini Kit (Qiagen). Microarray analysis was performed using the
Affymetrix GeneChip platform and the Mouse 430A 2.0 array according to the Affymetrix
standard protocol. Multiple levels of data analysis were performed in the BRB-ArrayTools soft-
ware, version 3.5.0 (Richard Simon & Amy Peng Lam, Biometric Research Branch, Division of
Cancer Treatment and Diagnosis, NCI). The probe-level microarray data (in .CEL files) were
collated in BRB-ArrayTools using the RMA (Robust Multi-chip Average) method. Microarray
data used in this study are deposited in the Gene Expression Ominibus (GEO) database with
accession # GSE59452.
Validation of microarray data by quantitative PCR
3 μg of total RNA from each tumor sample was loaded in each RT reaction, using the Super-
Script III First-strand Synthesis system (Invitrogen Inc.) according to the manufacture’s proto-
col, and oligo(dT) was selected to prime the RT reactions. Primers for the real-time PCR assays
were designed using the Primer Express Version 3.0 software (Applied Biosystems) using the
standard melting temperature (60°C) and at least one of the two primers for each gene was se-
lected to span an exon-intron boundary, to avoid amplifying genomic DNA contaminants. The
real-time PCR assay was performed on the Applied Biosystems 7500 Real-time PCR System
(Applied Biosystems). The Relative Standard Curves method was used as the study design for
the quantitative PCR assay (Real-Time PCR Systems Chemistry Guide, Applied Biosystems).
β-actin was used as the internal control. The raw data were analyzed in the Sequence Detection
Software Version 1.3.1 (Applied Biosystems) according to the manufacture’s protocol. Se-
quences of the primers used in the quantitative PCR assays are listed in S7 Table.
Results
Age of tumor onset for mice of each p53 genotype
To determine the potential differential effects of p53 loss-of-function and gain-of-function mu-
tations on tumor phenotype within the context of a single tissue of origin (salivary tumors aris-
ing in MMTV-Hrasmale transgenic mice), we generated cohorts of mice of the following
genotypes: MMTV-Hras/p53+/+, MMTV-Hras/p53-/-, and MMTV-Hras/p53R172H/R172H.
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Although female MMTV-Hras/p53+/+ mice develop primarily mammary tumors, male mice of
this genotype develop primarily salivary tumors (at a later average age of tumor onset). Howev-
er, we have previously shown that when bred to p53 knock-out mice, both males and females
of the MMTV-Hras/p53-/- genotype develop primarily salivary tumors due to an acceleration
of salivary but not mammary tumorigenesis in this model [46]. We observed a similar preva-
lence of salivary tumorigenesis in the MMTV-Hras/p53R172H/R172H mice. Therefore, in order to
compare tumors of a single cell type of origin arising in mice of a single gender, we restricted
our analysis to salivary tumorigenesis in male mice of each of the three genotypes. (A small
number of female mice were also used for some of the analyses, and no recognizable difference
in the salivary tumor properties characterized between the two genders was observed.)
S1 Table summarizes the mice used for the age of tumor onset analysis. Significant fractions
of the p53-/- and p53R172H/R172H mice developed symptoms indicating the presence of lympho-
mas and/or sarcomas prior to the development of salivary tumors, consistent with previous re-
ports of the prevalence of these tumor types in p53-/- and p53R172H/R172H mice lacking the
MMTV-Hras transgene [2–5,43,44], which necessitated sacrifice of the mice. Because the
tumor spectrum in both p53-/- and p53R172H/R172H mice has already been well-characterized
[3,4,43,44,48], we did not analyze tumor types in animals lacking salivary tumors. In addition,
38 MMTV-Hras/p53+/+ mice (of a total of 114) without salivary tumors were sacrificed due to
development of Harderian gland tumors, consistent with previous reports [45]. Animals devel-
oping lymphomas, sarcomas or Harderian gland tumors were censored from the dataset used
for Kaplan-Meier analysis. With a similar total starting number of mice in each genotypic
group, the mean ages of salivary tumor onset in the MMTV-Hras/p53-/- and MMTV-Hras/
p53R172H/R172H mice were much earlier than in the MMTV-Hras/p53+/+ mice and the overall
salivary tumor incidence was much higher than in the MMTV-Hras/p53+/+ mice. As shown in
Fig. 1 and S1 Table, the median time to salivary tumor onset was 177 days for the MMTV-
Hras/p53+/+ mice, 68 days for the MMTV-Hras/p53-/-mice and 109 days for the MMTV-Hras/
p53R172H/R172H mice. We observed a statistically significant difference between the MMTV-
Hras/p53-/- and MMTV-Hras/p53R172H/R172H mice in age of tumor onset (p = 0.0261, Log-rank
test), with a slightly delayed tumor onset in the MMTV-Hras/p53R172H/R172H mice. However,
both the MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H mice developed salivary tumors
much more rapidly than the MMTV-Hras/p53+/+ mice (p<0.0001, Log-rank test).
To exclude the possibility that tumors from the MMTV-Hras/p53+/+ mice had acquired so-
matic mutations in the p53 gene which might confound our subsequent analyses, exons 5–9 of
the p53 locus of 4 MMTV-Hras/p53+/+ salivary tumors (all of which were used for the subse-
quent microarray analysis) were sequenced, and no p53mutations were detected (data not
shown).
Growth rates for tumors of each p53 genotype
We have previously shown that salivary tumors arising in MMTV-Hras/p53-/- mice have
growth rates that are nearly double those of salivary tumors arising in MMTV-Hras/p53+/+
mice [46]. To determine whether a p53 gain-of-function mutation further accelerates the
tumor growth rate, the growth of multiple independent salivary tumors arising in mice of each
of the three different genotypes (MMTV-Hras/p53+/+, MMTV-Hras/p53-/-, and MMTV-Hras/
p53R172H/R172H) was compared (Fig. 2; S1 Fig.). Tumor growth data from 26 MMTV-Hras/
p53+/+ tumors (16 from males and 10 from females), 34 MMTV-Hras/p53-/- tumors (21 from
males and 13 from females), and 39 MMTV-Hras/p53R172H/R172H tumors (35 from males and
4 from females) was obtained. The mean tumor growth curves for each genotype are shown in
Fig. 2, and the individual tumor growth curves are shown in S1 Fig. The growth of most of the
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
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salivary tumors roughly followed an exponential growth pattern, which indicates the existence
of constant doubling times of these tumors. The MMTV-Hras/p53+/+ tumors grew significantly
slower than the MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H tumors, as was previous-
ly reported for the comparison of MMTV-Hras/p53+/+ andHras/p53-/- tumors [46]. However,
there was no significant difference between the growth rates of theHras/p53-/- and MMTV-
Hras/p53R172H/R172H tumors.
p53 protein levels in tumors of each genotype
To confirm that mutant p53 was expressed and stabilized in the MMTV-Hras/p53R172H/R172H
tumors, and to characterize the expression patterns of mutant p53 protein in the tumor tissues,
western blotting and immunohistochemical analysis were performed on tumors of each geno-
type, using an antibody that detects both wild-type and mutant p53. Western blot analysis
showed that mutant p53 was present in very high levels in all of the MMTV-Hras/p53R172H/R172H
tumors tested, whereas p53 was barely detectable in the MMTV-Hras/p53+/+ tumors and
completely absent in the MMTV-Hras/p53-/- tumors (Fig. 3A). Immunohistochemical staining
with the same antibody on the tumor sections showed that while p53 was undetectable in both
MMTV-Hras/p53+/+ and MMTV-Hras/p53-/- tumors, the MMTV-Hras/p53R172H/R172H tumors
displayed a relatively uniform, high level of p53 in the nucleus of tumor cells, but not in the adja-
cent stromal cells (Fig. 3B).
Fig 1. Kaplan-Meier analysis of salivary tumor-free survival. The proportion of tumor-free mice as a function of time for MMTV-Hras/p53+/+ (green),
MMTV-Hras/p53-/- (yellow), and MMTV-Hras/p53R172H/R172H (red) male mice are shown, based upon the age at which a palpable salivary tumor was
first detected.
doi:10.1371/journal.pone.0118029.g001
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Tumor histology
We have previously shown that in this MMTV-Hras transgenic mouse tumor model, absence
of p53 resulted in tumors with higher histologic grades [46]. To determine whether p53 loss-
of-function and gain-of-function mutations differentially affected tumor histopathology, for-
malin-fixed tumor samples from the three genotypic groups were embedded in paraffin blocks,
and sections were stained with hematoxylin and eosin and subjected to microscopic evaluation.
A set of morphological parameters were evaluated using a 3-point grading system. We assessed
the nuclear/cytoplasmic ratio, the degree of nuclear pleomorphism, and overall tumor architec-
ture. We also took in account the presence of a spindle cell morphology, and whether “giant
cells”, which display remarkably enlarged cell and nucleus areas, were present. Mitotic activity,
percentage of tumors with apoptotic cells, and degree of necrosis were also estimated. The re-
sults are summarized in S2 Fig. In general, tumors of each of the three genotypes were well-lo-
calized and encapsulated with no signs of metastasis, and were composed of nests and cords of
poorly differentiated carcinoma cells. The MMTV-Hras/p53+/+ tumor cells were relatively uni-
form in size and shape, while both the MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H
tumor cells displayed more variability in cell and nuclear size and shape and less evenly distrib-
uted chromatin in the nucleus (Fig. 4). When nuclear/cytoplasmic ratio, level of pleomorphism,
Fig 2. Tumor growth rates. Tumor growth rates over time (days) measured as calculated weight (mg) for
each of the three groups of tumors were plotted. Each data point represents the mean ± SEM.
doi:10.1371/journal.pone.0118029.g002
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and cellular architecture were measured using a 3-point grading system, the MMTV-Hras/
p53+/+ tumors were assigned a lower grade on average than the MMTV-Hras/p53-/- and
MMTV-Hras/p53R172H/R172H tumors, although the differences were not statistically significant
(S2 Fig. A). The MMTV-Hras/p53+/+ tumors contained fewer cells with mitotic figures than
the MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H tumors, while the latter two groups
were indistinguishable (S2 Fig. E). It is also noticeable that there were high levels of variation in
all of the four measurements, indicating the existence of significant heterogeneity in the histo-
pathology of these tumors. Proportions of tumors displaying features of spindling (S2 Fig. B)
and apoptosis (S2 Fig. D), as well as those containing “giant cells” with greatly enlarged cell and
nuclear size are also summarized (S2 Fig. C). Similarly higher fractions of the MMTV-Hras/
p53-/- and MMTV-Hras/p53R172H/R172H tumors demonstrated features of spindling than the
MMTV-Hras/p53+/+ tumors. Interestingly, the “giant cells” represented a slightly higher frac-
tion of the tumor cells in the MMTV-Hras/p53R172H/R172H tumors than in the other two groups
of tumors. There was no significant difference in the fractions of tumors demonstrating apoptosis
among the three genotypic groups. As the levels of apoptosis in individual tumors were not taken
into account in this analysis, the result has limited value as to measure the representative apopto-
tic levels. The levels of necrosis were also estimated. Compared to the MMTV-Hras/p53+/+ and
MMTV-Hras/p53-/- tumors, the MMTV-Hras/p53R172H/R172H tumors displayed higher levels of
necrosis (S2 Fig. F).
Cell cycle and apoptosis studies
We previously showed that MMTV-Hras/p53-/- tumors had a significantly higher fraction of
cells in the S and G2/M phases of the cell cycle, with a corresponding decrease in the fraction of
cells in G1, compared to MMTV-Hras/p53
+/+ tumors [46]. To compare the effect of p53 loss-
of-function and gain-of-function mutations on tumor cell proliferation, tumors of each geno-
type were immunohistochemically stained with an antibody for the proliferation marker Ki-67.
Fig 3. p53 protein levels in tumors of each genotype. (A) Western blot analysis of p53 using an antibody that detects both wild-type and mutant p53
(CM5). From left to right: 3 MMTV-Hras/p53+/+, 3 MMTV-Hras/p53-/-, and 4 MMTV-Hras/p53R172H/R172H tumors. (B) Immunohistochemical staining with the
CM5 anti-p53 antibody in a representative tumor of each of the three genotypes.
doi:10.1371/journal.pone.0118029.g003
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Fig 4. H&E staining of representative tumor of the three genotypes. Top: MMTV-Hras/p53+/+; middle:
MMTV-Hras/p53-/-; bottom: MMTV-Hras/p53R172H/R172H.
doi:10.1371/journal.pone.0118029.g004
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However, there was extensive heterogeneity in the Ki-67 staining across the entire set of tumor
samples. Frequently, tumors from the same genotypic group (S3 Fig. A), or even different re-
gions of the same tumor (S3 Fig. B), displayed highly variable fractions of Ki-67-positive cells.
The staining ranged from a complete lack of staining to staining of almost every cell. This vari-
ation hampered accurate assessments of the representative fraction of proliferating cells of each
genotypic group. However, there were no grossly recognizable differences in the overall stain-
ing patterns of the three groups of tumors.
Previous studies also demonstrated that apoptosis levels were constitutively low in the tu-
mors with the MMTV-Hras transgene regardless of whether they were p53+/+ or p53-/-, likely
due to the anti-apoptotic effects of the pathways downstream of activated Ras [46]. To investi-
gate whether the same scenario holds true for tumors bearing the p53R172H mutation, we exam-
ined the levels of spontaneous apoptosis in the three groups of tumors by staining the tumors
immunohistochemically with an antibody specific for cleaved caspase 3 (Cc3), which is the ac-
tivated version of a key apoptosis mediator. As for the Ki-67 staining, there was also significant
variation in the staining patterns for Cc3, either among different tumors, or among different
regions of the same tumor. Cc3 immunostaining revealed low indices of apoptosis in all three
genotypic groups of tumors (data not shown).
Tumor response to doxorubicin
It is well established that p53 mutation confers resistance of tumor cells to a wide range of che-
motherapeutic agents [38], and several studies have demonstrated increased chemoresistance
in tumors expressing gain-of-function p53 mutants compared to those lacking p53 altogether
[17,20,21,25,29]. We have previously shown that tumors arising in MMTV-Hras/p53-/-mice
are significantly impaired in their response to doxorubicin compared to those arising in
MMTV-Hras/p53+/+ mice [47]. To determine whether the p53 R172H gain-of-function muta-
tion promoted further resistance to doxorubicin, a subset of salivary tumor-bearing mice from
each of the three genotypic groups was treated with doxorubicin for 9 consecutive days, and
the effects on tumor growth were measured (Fig. 5; S4 Fig.). As we previously reported, the
growth of MMTV-Hras/p53+/+ tumors plateaued following the first day of treatment, with
some of the tumors actually regressing during the 9-day treatment period. In contrast, both the
MMTV-Hras/p53-/- and MMTV-Hras/p53R172H/R172H tumors continued to grow with unal-
tered rates for 3–4 days, after which the growth of most of the tumors began to plateau. Al-
though the average size of the MMTV-Hras/p53R172H/R172H tumors at the initiation of
treatment was larger than that of the MMTV-Hras/p53-/- tumors, the overall shape of the
tumor response curves was nearly superimposable. Interestingly, 3 of the 18 MMTV-Hras/
p53R172H/R172H tumors in the treatment study exhibited no plateau phase and continued to
grow at an unaltered rate during the 9-day treatment period (S4 Fig.).
Gene expression profiling of tumors with different p53 status
To compare the gene expression profiles of tumors with different p53 genotypic status and
identify genes differentially regulated, 4 tumors from each genotypic group were analyzed
using Affymetrix GeneChip oligonucleotide arrays. After the model-based expression summa-
ries were obtained, an unsupervised hierarchical clustering analysis of the 12 tumor samples
was conducted and is summarized in Fig. 6A. As expected, the 4 samples with wild-type p53
fell into a tight cluster, which indicates close similarity within the gene expression profiles of
this group. On the other hand, this unsupervised clustering method failed to separate the
MMTV-Hras/p53-/- or MMTV-Hras/p53R172H/R172H tumors into distinct groups, signifying the
lack of significant numbers of genes that are consistently differentially expressed between the
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p53-null and mutant p53 tumors. This suggests that the primary effect of the R172H mutation
is the disruption the DNA-binding domain and subsequent gene-regulation capacity of wild-
type p53.
As our major interest was to identify differentially expressed genes that may indicate gain-
of-function effects, we compared the expression profiles of the three groups of tumors, and tu-
mors with wild-type p53 were used to control for residual wild-type functions of mutant p53.
To identify the genes differentially expressed between the three groups, we performed class
comparison analysis using Significance Analysis of Microarray (SAM). The multi-class
comparison function of SAM gave rise to the identification of 188 genes with a low 1% False
Discovery Rate (FDR). The 188 genes were then subjected to hierarchical clustering to identify
co-expressed gene clusters, the result of which is shown in Fig. 6B. By visually examining the
pattern of the expression levels across the three genotypic groups, the 188 genes were further
categorized to 6 groups (i to vi). The expression levels and potential meaning of the 6 clusters
of genes are summarized in S2 Table and the 188 genes are listed in S3 Table. Of the 188 genes,
184 show a clear difference in expression levels between samples with wild-type p53 and with-
out p53 (except the 4 genes in Cluster iii), which represent the differentially expressed genes
between the wild-type p53 (WT) and p53-null status in this analysis. Of these 184 genes, only a
Fig 5. Tumor growth responses to doxorubicin. Tumor-bearing mice were treated for nine consecutive days with doxorubicin (2 mg/kg), and tumor growth
was monitored daily by caliper measurements. Tumor growth rates over time (days) measured as calculated weight (mg) for each of the three groups of
tumors were plotted. Each data point represents the mean ± SEM.
doi:10.1371/journal.pone.0118029.g005
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few were previously reported as regulated by wild-type p53, including 3 well-characterized p53
target genes Cdkn1a (p21),Mdm2, and Ccng1. These genes are listed in S4 Table. To explore
potential biological pathways in which these differentially expressed genes may function, this
184 gene-signature was submitted to Ingenuity Pathway Analysis, which identifies the most
significantly perturbed signaling and metabolic pathways, molecular networks, and biological
processes. The most highly enriched biological functions from the analysis are summarized in
S5 Table. The top two networks identified are displayed in S5 Fig. The first network involves bi-
ological functions including Cancer, Cell Cycle, and Developmental Disorder, with a score of
37 defined by IPA and 20 focus molecules, where p53 sits right at the center. The second net-
work is enriched for biological functions including Cell Death, Dermatological Diseases and
Conditions, and Cancer, with a score of 34 and 19 focus molecules.
Of the 6 gene clusters, Cluster iii and v define the genes with higher expression levels in the
mutant p53-expressing samples than in the wild-type p53-expressing and p53-null samples (S2
Table), which could potentially represent genes contributing to the gain-of-function properties
of the p53 R172H mutant. As many of these genes have anti-apoptotic and cell migration-pro-
moting activities (see DISCUSSION), these two clusters represent good candidates for the
gain-of-function properties of the p53 R172H mutant, including insensitivity to treatment-in-
duced cell death and elevated metastatic potential. Mutant p53-expressing samples retained ex-
pression levels similar to those samples with wild-type p53 (Cluster iv), or intermediate levels
(Cluster i and vi) for a significant fraction of the remaining genes. This indicates the presence
of residual wild-type functions with the mutant p53 in regulating gene expression. However,
when examining the overall expression profiles based on these 188 genes, the two groups show-
ing the greatest similarity were the mutant p53-expressing tumors and p53-null tumors, while
both showed significant differences from the tumors with wild-type p53, in agreement with the
results from the unsupervised clustering of the samples (Fig. 6A). To further support this no-
tion, we performed class comparison analysis between MT-p53 and p53-null samples, as well
as between wild-type p53 and p53-null samples, using three widely-used probe-level data-pro-
cessing algorithms (RMA, MBEI, and MAS5) and two False Discovery Rate (FDR)-based statis-
tical approaches (SAM and student t-test with Benjamini-Hochberg correction). From this
analysis we found that despite the different scales of significant genes identified by different
mathematical and statistical approaches, there are consistently very few genes standing out
from the comparisons between MT-p53 and p53-null samples, in sharp contrast to those
between wild-type p53 and p53-null samples (S6 Table). This demonstrates that in this
MMTV-Hrasmouse salivary tumor model, the p53R172H mutant status shares a very similar
gene expression profile with p53-null status.
To validate the microarray experiment, we performed real-time PCR to quantitate the ex-
pression levels of Cap1, which is significantly up-regulated in MT-p53 expressing samples
compared to the other two groups of tumors. We also checked the protein levels of p16Ink4a
and p19Arf, the two genes expressed from the Cdkn2a locus, which is down-regulated in wild-
type p53-expressing samples based on the array analysis. Both the real-time PCR and Western
Fig 6. Gene expression profiling analysis of salivary tumors with different p53 status. (A)
Unsupervised hierarchical clustering of MMTV-Hras/p53+/+ (green), MMTV-Hras/p53-/- (yellow), and
MMTV-Hras/p53R172H/R172H (red) tumors based on gene expression profiling. (B) Heatmap of the identified
188 genes through the multi-class comparison function of SAM with a low 1% False Discovery Rate (FDR)
and hierarchical clustering. Red represents higher expression levels and blue represents lower levels,
while white represents intermediate levels. The 6 sub-clusters identified through visual inspection are
marked by color bars on the right (i-vi).
doi:10.1371/journal.pone.0118029.g006
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Blotting analyses showed similar results as measured by microarray, which confirmed the va-
lidity of the microarray analysis (Fig. 7).
Discussion
Beyond loss of p53 wild-type functions, a subset of p53 mutants gain novel functions promot-
ing more severe malignant properties. Although extensive studies on the gain-of-function ef-
fects of mutant p53 have been carried out using in vitro cell culture systems, fewer in vivo
models have been developed to investigate these effects under physiological conditions and in a
normal cellular context with endogenous cell-cell and cell-ECM interactions. Our study con-
tributes to research on the gain-of-function effects of mutant p53 by introducing a mutant p53
allele with well-characterized gain-of-function properties into the MMTV-Hras transgenic
mouse model, in which deficiency for p53 has been shown to accelerate salivary tumorigenesis
and alter tumor properties.
Interestingly, the data from this study demonstrated that MMTV-Hras/p53R172H/R172H and
MMTV-Hras/p53-/- mice are very similar with regard to age of salivary tumor onset, tumor
growth rates, tumor histopathological features, and response to a DNA-damaging agent, doxo-
rubicin. This similarity is not due to lack of mutant p53 expression in the MMTV-Hras/
p53R172H/R172H salivary tumors, because both western blotting and p53 immunohistochemistry
analysis showed that mutant p53 accumulated to uniformly high levels in the tumors (Fig. 3).
Compared to other in vivo analyses on the same p53 mutant through knock-in approach, our
finding is not surprising. First, in a K-ras-driven lung adenocarcinoma model, neither the
p53R172H nor the p53R270H mutant displayed any detectable gain-of-function activity compared
to total p53 loss [49]. In another study,WAP-Cre-induced expression of the p53R270H mutant
in p53-null mouse mammary glands caused no difference in tumor latency compared to
p53-null glands [50]. These observations suggest that tissue specificity plays a role in the in
vivo activity of these mutants. In addition, knock-in mouse models homozygous for the
p53R172H mutation (or one p53R172H allele and one null allele) displayed no significant differ-
ence in survival time of the mice when compared to p53-null mice [43,44,51]. One exception
was a model expressing a humanized p53R248Q allele, which significantly reduced lifespan when
compared to p53-null mice [52]. In two of the studies [44,51], there was no difference between
the tumor spectra of p53R172H/R172H and p53-/-mice, while in the third study [43], p53R172H/-
mice developed carcinomas and hemangiosarcomas with increased incidence compared to
p53-/-mice. The discrepancy between these studies may be due to the fact that mice with differ-
ent genetic backgrounds were used. The common gain-of-function effect observed in all three
studies was that tumors in the p53R172H/+ mice metastasized with a high incidence, a feature the
p53+/- tumors lacked.
In this study, with a set of well-defined histopathologic parameters, the MMTV-Hras/p53-/-
tumors displayed more malignant properties than the MMTV-Hras/p53+/+ tumors, consistent
with our previous findings [46]. The MMTV-Hras/p53R172H/R172H tumors closely resemble the
MMTV-Hras/p53-/- tumors with regard to most of these parameters, suggesting that loss of the
sequence-specific DNA binding function of wild-type p53 is the primary cause of the difference
in tumor histology between tumors with mutant and wild-type p53.
In a previous study from our lab [47], the MMTV-Hras/p53-/- tumors displayed a delayed
response upon doxorubicin treatment, as compared to the MMTV-Hras/p53+/+ tumors.
Apoptotic levels were shown to be minimal in both types of tumors, either with or without
treatment. Instead, doxorubicin treatment caused significant changes in cell cycle distribution
in these tumor cells. In the present study, the MMTV-Hras/p53R172H/R172H tumors demonstrat-
ed indistinguishable response patterns compared to the MMTV-Hras/p53-/- tumors.
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Immunohistochemical analysis of cleaved caspase 3 (Cc3) revealed similarly low levels of apo-
ptosis in tumors of all three genotypes (data not shown). Thus, the results demonstrated again
that apoptosis does not play a major role in tumor properties or response to chemotherapeutic
Fig 7. Validation of the microarray data for sample genes by qPCR and western blotting. (A) Top:
Expression levels of theCap1 gene in 4 salivary tumors per group measured by qPCR normalized to β-actin ±
coefficient of variance (top), and by microarray analysis (bottom). (B) Protein levels of p16Ink4a, p19ARF, and
p15Ink4b in 5 MMTV-Hras/p53+/+ and 5 MMTV-Hras/p53-/- tumors. β-actin was used as a loading control.
doi:10.1371/journal.pone.0118029.g007
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treatments in this model, likely due to the anti-apoptotic effects of the activated Ras signaling
driving tumorigenesis in this model. Thus, it is important to note that, with the low level of
both spontaneous and drug-inducible apoptosis in this tumor model, it may be difficult to de-
tect any influence of mutant p53 on apoptosis, which is an important aspect of the gain-of-
function activities identified in in vitro cell culture systems.
One possible explanation for the failure to detect a p53 gain-of-function phenotype distinct
from the knock-out phenotype could potentially be a lack of stabilization and accumulation of
the mutant p53 protein. The Lozano group demonstrated that in the R172H knock-in mice,
mutant p53 was not stabilized in either normal or tumor tissues, due to the basal level of
MDM2’s inhibitory activity on mutant p53 [53]. They also demonstrated that various types of
stresses that stabilize wild-type p53 also stabilize p53R172H [54]. However, the apparent absence
of a gain-of-function phenotype in our study is not likely due to the stability issue, because mu-
tant p53R172H was found to be stabilized in all the tumors tested by both Western blotting and
immunohistochemistry. It is reasonable to speculate that activated Ras signaling is providing
the stabilizing signal for mutant p53 in this tumor model.
Given the similarity between the p53 R172H-expressing and p53-null tumors, but the signifi-
cant difference between both groups and tumors with wild-type p53 in the in vivo analyses we
performed, it is not surprising that the gene expression profiles of the different groups of tumors
closely reflect this relationship. We have tested three prevalent probe-level data summarization
algorithms for Affymetrix microarray data, and two False Discovery Rate-based class comparison
approaches, and none of the combinations could detect reasonable numbers of significant genes
from the comparison between the MMTV-Hras/p53-/- andMMTV-Hras/p53R172H/R172H tumors,
while substantial numbers of genes were identified between the MMTV-Hras/p53+/+ tumors and
either the MMTV-Hras/p53-/- or the MMTV-Hras/p53R172H/R172H tumors.
Several mechanisms have been proposed for the gain-of-function activities of mutant p53
[38]. One of these mechanisms proposes that mutant p53 actively regulates a unique set of
genes, the activities of which endow the cell with a growth advantage, chemoresistance, altered
metabolism and other properties [38]. Unlike wild-type p53, which depends on its sequence-
specific DNA binding for its transactivation activity, genes regulated by mutant p53 lack a con-
sensus DNA binding site in their promoter regions [38]. It has thus been proposed that instead
of binding to a common response sequence, mutant p53 preferentially binds to stereo-specific
DNA configurations [55,56]. Alternatively, mutant p53 may bind to target genes indirectly, i.e.
by interactions with other transcription factors, e.g. Sp1 [57,58], Ets [59], NF-Y [21], VDR [60]
and SREBP [35]. Although these findings support a transcription-dependent mechanism for
the gain-of-function activities of mutant p53, this hasn’t been tested strictly in an in vivo setting
or under physiological conditions. Rather, most of the observations have been made by over-
expressing mutant p53 in p53-null cells, and in many cases, in the presence of stress signals.
Additionally, almost all of the previous studies only utilized a comparison between cells with-
out p53 and those expressing mutant p53, a study design lacking the ability to detect any resid-
ual wild-type function of the mutants.
The class comparison analysis in this study identified a small subset of genes with the high-
est expression levels in the MMTV-Hras/p53R172H/R172H tumors (Cluster iii and v in Fig. 6; S2
Table). We also compared our microarray results to those from other gene expression profiling
analyses designed to identify mutant p53-regulated genes, either from cells cultured in vitro
[18,61–63] or tumors from in vivomouse models [64]. One of the mutant p53-induced genes
we identified, Bcl2l1 (Bcl2-like 1, also known as Bclx or BCL-X(L) in human) was previously
identified by another group as induced by p53R 175H overexpressed in p53-null H1299 non-
small cell lung carcinoma cells. BCL2L1 is a member of the BCL2 family of anti-apoptotic pro-
teins [65]. In addition, expression of BCL2L1 was dependent on mutant p53 in SKBR3
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mammary adenocarcinoma cells expressing p53R 175H, and in HT29 human colorectal adeno-
carcinoma cells expressing p53 R273H, another p53 mutant with gain-of-function activities
[63]. Another gene found to be most highly expressed in the MMTV-Hras/p53R172H/R172H tu-
mors, Csnk2a1, which encodes casein kinase 2, alpha 1 polypeptide, has also been shown to
have an anti-apoptotic function, but regulation of its expression hasn’t been associated with
mutant p53[66–68]).
Because increased metastatic potential has also been commonly observed with gain-of-func-
tion mutants of p53 [43,44], and p53 R175H was shown to promote in vitro cell migration as well
as in vivo tumor metastasis [44], we looked for genes that may contribute to these activities
among the list of genes most highly expressed in theMMTV-Hras/p53R172H/R172H tumors. Indeed,
a few genes have been reported to promote cell motility and/or metastasis, including Etv4/E1A-F
[69,70],Mia1 [71], and Cap1 [72]. Another gene with previously identified association with p53
R175H, EFEMP2 (EGF-containing fibulin-like extracellular matrix protein 2) was recognized as a
binding partner of mutant human p53 proteins, with the highest specificity to structural mutants
like human p53R175H. Even more intriguingly, co-expression of EFEMP2 and p53 R175H had syn-
ergistic effects in promoting neoplastic transformation and tumor cell growth [73]. The fact that
we didn’t observe a significant decrease in apoptotic levels or response to doxorubicin treatment,
and we didn't identify any obvious elevated metastatic potential of the p53 R172H-expressing tu-
mors, as compared to p53-null tumors, suggests that these gain-of-function properties may be
cell/tumor type-specific and depend on specific cellular contexts and molecular events.
It should be noted that although mutant p53 R172H loses its sequence-specific DNA binding
activity, it still maintains intact N-terminal and C-terminal domains. Thus, an additional pro-
posed mechanism for the gain-of-function effects of mutant p53 involves the retention of some
residual wild-type function, which when imbalanced and deregulated may contribute to opposite
effects [40]. In this study, gene expression profiling also identified a group of genes similarly regu-
lated in the MMTV-Hras/p53+/+ andMMTV-Hras/p53R172H/R172H tumors as compared to the
MMTV-Hras/p53-/- tumors (Cluster iv and vi in Fig. 6; S2 Table). Although overall the expression
profiles of the MMTV-Hras/p53R172H/R172H andMMTV-Hras/p53-/- tumors are very similar to
each other (S6 Table), the small subset of genes co-regulated in tumors with wild-type and mu-
tant p53 might help elucidate pathways shared by these two functionally very different proteins,
and provide insights into the mechanistic basis of the gain-of-function effects.
In conclusion, this study has led to the generation of MMTV-Hras/p53R172H/R172H mice and
a comparison between these mice and the previously characterized MMTV-Hras/p53+/+ and
MMTV-Hras/p53-/- mice, with regard to salivary tumorigenesis, tumor properties, tumor re-
sponses to a chemotherapeutic agent, and tumor gene expression profiles. This study enabled
us to compare the influences of different p53 status (wild-type, null, and mutant) on in vivo
tumor development and test the gain-of-function effects of a p53 mutant in an in vivo setting.
Overall, the MMTV-Hras/p53R172H/R172H mice closely resembled the MMTV-Hras/p53-/-mice
with regard to age of tumor onset, tumor growth rates, tumor histopathological properties,
tumor responses to doxorubicin, and gene expression profiles, while both groups were clearly
distinct from the MMTV-Hras/p53+/+ mice. These results indicate that in this MMTV-Hras-
driven mouse salivary tumor model, the primary effect of p53 R172H mutation is the loss of
wild-type p53 function, with little or no gain-of-function effect on tumorigenesis, underscoring
the tissue- and tumor type-specific properties of the gain-of-function mutants of p53.
Supporting Information
S1 Fig. Tumor growth rates. (A-C) Once a tumor was detected, growth was monitored by
daily caliper measurements, and calculated tumor weights (mg) of the three groups of tumors
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were plotted over time. Each line represents the growth of an individual tumor.
(TIF)
S2 Fig. Tumor histopathology. Tumor histopathology was graded on a 3-point scale taking
into account (A) N/C (nuclear to cytoplasmic) ratio, degree of nuclear pleomorphism, and
overall tumor architecture; percentage of tumor cells showing (B) spindle cell morphology, (C)
“giant cells”, (D) apoptosis, (E) mitotic figures, and (F) necrosis.
(TIF)
S3 Fig. Ki-67 staining. (A) Heterogeneity of Ki-67 staining in different tumors from the same
genotypic group. Top: MMTV-Hras/p53+/+; middle: MMTV-Hras/p53-/-; bottom: MMTV-
Hras/p53R172H/R172H; left: representative tumors of each genotype with high levels of Ki-67
staining; right: representative tumors of each genotype with low levels of Ki-67 staining. (B) An
example of an MMTV-Hras/p53+/+ tumor in which different regions show markedly different
levels of Ki-67 staining.
(TIF)
S4 Fig. Tumor growth responses to doxorubicin. . (A-C) Calculated weights (mg) of the
three groups of tumors during the treatment period are plotted over time (days). Each line rep-
resents the growth of an individual tumor.
(TIF)
S5 Fig. The top two networks identified through Ingenuity Pathway Analysis (IPA) on the
significantly differentially expressed genes. Genes up-regulated in wild-type p53 tumors
compared to p53-null tumors are colored in red and those down-regulated are colored
in green.
(TIF)
S1 Table. Summary of the mice used for the age of tumor onset analysis
(DOCX)
S2 Table. Overall expression levels and functional meaning of genes in different clusters
(DOCX)
S3 Table. List of genes in different clusters
(DOCX)
S4 Table. Genes previously reported as regulated by p53
(DOCX)
S5 Table. Top enriched biological functions fromWT-p53 vs. p53-null comparison
(DOCX)
S6 Table. Number of significant genes from different probe-level data summarization algo-
rithms and statistical approaches
(DOCX)
S7 Table. Primers used in the quantitative PCR assays
(DOCX)
S1 Methods. Supplementary Materials and Methods
(DOCX)
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
PLOS ONE | DOI:10.1371/journal.pone.0118029 February 19, 2015 19 / 23
Acknowledgments
We thank Dr. Guillermina Lozano for generously providing the p53R172H/+ mice and Dr. Brad-
ford Windle for critical reading of the manuscript.
Author Contributions
Conceived and designed the experiments: DJ MAS JJW. Performed the experiments: DJ CID
HDM. Analyzed the data: DJ CID HDMVRMAS JJW. Contributed reagents/materials/analy-
sis tools: DJ CID HDMVRMAS. Wrote the paper: DJ JJW.
References
1. Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, et al. (2007) Impact of mutant p53 functional
properties on TP53 mutation patterns and tumor phenotype: lessons from recent developments in the
IARC TP53 database. HumMutat 28: 622–629. PMID: 17311302
2. Kenzelmann Broz D, Attardi LD (2010) In vivo analysis of p53 tumor suppressor function using geneti-
cally engineered mouse models. Carcinogenesis 31: 1311–1318. doi: 10.1093/carcin/bgp331 PMID:
20097732
3. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, et al. (1992) Mice deficient for
p53 are developmentally normal but susceptible to spontaneous tumours. Nature 356: 215–221.
PMID: 1552940
4. Jacks T, Remington L, Williams BO, Schmitt EM, Halachmi S, et al. (1994) Tumor spectrum analysis in
p53-mutant mice. Curr Biol 4: 1–7. PMID: 7922305
5. Attardi LD, Jacks T (1999) The role of p53 in tumour suppression: lessons frommouse models. Cell
Mol Life Sci 55: 48–63. PMID: 10065151
6. Bieging KT, Attardi LD (2012) Deconstructing p53 transcriptional networks in tumor suppression.
Trends Cell Biol 22: 97–106. doi: 10.1016/j.tcb.2011.10.006 PMID: 22154076
7. Vousden KH, Prives C (2009) Blinded by the Light: The Growing Complexity of p53. Cell 137: 413–
431. doi: 10.1016/j.cell.2009.04.037 PMID: 19410540
8. Li FP, Fraumeni JF Jr (1969) Rhabdomyosarcoma in children: epidemiologic study and identification of
a familial cancer syndrome. J Natl Cancer Inst 43: 1365–1373. PMID: 5396222
9. Li FP, Fraumeni JF Jr (1969) Soft-tissue sarcomas, breast cancer, and other neoplasms. A familial syn-
drome? Ann Intern Med 71: 747–752. PMID: 5360287
10. Malkin D, Li FP, Strong LC, Fraumeni JF Jr, Nelson CE, et al. (1990) Germ line p53 mutations in a famil-
ial syndrome of breast cancer, sarcomas, and other neoplasms. Science 250: 1233–1238. PMID:
1978757
11. Cho Y, Gorina S, Jeffrey PD, Pavletich NP (1994) Crystal structure of a p53 tumor suppressor-DNA
complex: understanding tumorigenic mutations. Science 265: 346–355. PMID: 8023157
12. Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 88: 323–331. PMID:
9039259
13. Brosh R, Rotter V (2009) When mutants gain new powers: news from the mutant p53 field. Nat Rev
Cancer 9: 701–713. doi: 10.1038/nrc2693 PMID: 19693097
14. Oren M, Rotter V (2010) Mutant p53 gain-of-function in cancer. Cold Spring Harb Perspect Biol 2:
a001107. doi: 10.1101/cshperspect.a001107 PMID: 20182618
15. Chen PL, Chen YM, Bookstein R, LeeWH (1990) Genetic mechanisms of tumor suppression by the
human p53 gene. Science 250: 1576–1580. PMID: 2274789
16. Hsiao M, Low J, Dorn E, Ku D, Pattengale P, et al. (1994) Gain-of-function mutations of the p53 gene in-
duce lymphohematopoietic metastatic potential and tissue invasiveness. Am J Pathol 145: 702–714.
PMID: 8080050
17. Weisz L, Zalcenstein A, Stambolsky P, Cohen Y, Goldfinger N, et al. (2004) Transactivation of the
EGR1 gene contributes to mutant p53 gain of function. Cancer Res 64: 8318–8327. PMID: 15548700
18. Scian MJ, Stagliano KE, Ellis MA, Hassan S, Bowman M, et al. (2004) Modulation of gene expression
by tumor-derived p53 mutants. Cancer Res 64: 7447–7454. PMID: 15492269
19. Scian MJ, Stagliano KE, Deb D, Ellis MA, Carchman EH, et al. (2004) Tumor-derived p53 mutants in-
duce oncogenesis by transactivating growth-promoting genes. Oncogene 23: 4430–4443. PMID:
15077194
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
PLOS ONE | DOI:10.1371/journal.pone.0118029 February 19, 2015 20 / 23
20. Bossi G, Lapi E, Strano S, Rinaldo C, Blandino G, et al. (2006) Mutant p53 gain of function: reduction of
tumor malignancy of human cancer cell lines through abrogation of mutant p53 expression. Oncogene
25: 304–309. PMID: 16170357
21. Di Agostino S, Strano S, Emiliozzi V, Zerbini V, Mottolese M, et al. (2006) Gain of function of mutant
p53: the mutant p53/NF-Y protein complex reveals an aberrant transcriptional mechanism of cell cycle
regulation. Cancer Cell 10: 191–202. PMID: 16959611
22. Wolf D, Harris N, Rotter V (1984) Reconstitution of p53 expression in a nonproducer Ab-MuLV-trans-
formed cell line by transfection of a functional p53 gene. Cell 38: 119–126. PMID: 6088057
23. Shaulsky G, Goldfinger N, Rotter V (1991) Alterations in tumor development in vivo mediated by ex-
pression of wild type or mutant p53 proteins. Cancer Res 51: 5232–5237. PMID: 1717142
24. Lanyi A, Deb D, Seymour RC, Ludes-Meyers JH, Subler MA, et al. (1998) 'Gain of function' phenotype
of tumor-derived mutant p53 requires the oligomerization/nonsequence-specific nucleic acid-binding
domain. Oncogene 16: 3169–3176. PMID: 9671396
25. Murphy KL, Dennis AP, Rosen JM (2000) A gain of function p53 mutant promotes both genomic insta-
bility and cell survival in a novel p53-null mammary epithelial cell model. Faseb J 14: 2291–2302.
PMID: 11053251
26. Peled A, Zipori D, Rotter V (1996) Cooperation between p53-dependent and p53-independent apopto-
tic pathways in myeloid cells. Cancer Res 56: 2148–2156. PMID: 8616864
27. Li R, Sutphin PD, Schwartz D, Matas D, Almog N, et al. (1998) Mutant p53 protein expression interferes
with p53-independent apoptotic pathways. Oncogene 16: 3269–3277. PMID: 9681825
28. Matas D, Sigal A, Stambolsky P, Milyavsky M, Weisz L, et al. (2001) Integrity of the N-terminal tran-
scription domain of p53 is required for mutant p53 interference with drug-induced apoptosis. Embo J
20: 4163–4172. PMID: 11483519
29. Blandino G, Levine AJ, Oren M (1999) Mutant p53 gain of function: differential effects of different p53
mutants on resistance of cultured cells to chemotherapy. Oncogene 18: 477–485. PMID: 9927204
30. Sigal A, Matas D, Almog N, Goldfinger N, Rotter V (2001) The C-terminus of mutant p53 is necessary
for its ability to interfere with growth arrest or apoptosis. Oncogene 20: 4891–4898. PMID: 11521201
31. Iwamoto KS, Mizuno T, Ito T, Tsuyama N, Kyoizumi S, et al. (1996) Gain-of-function p53 mutations en-
hance alteration of the T-cell receptor following X-irradiation, independently of the cell cycle and cell
survival. Cancer Res 56: 3862–3865. PMID: 8752146
32. Gualberto A, Aldape K, Kozakiewicz K, Tlsty TD (1998) An oncogenic form of p53 confers a dominant,
gain-of-function phenotype that disrupts spindle checkpoint control. Proc Natl Acad Sci U S A 95:
5166–5171. PMID: 9560247
33. El-Hizawi S, Lagowski JP, Kulesz-Martin M, Albor A (2002) Induction of gene amplification as a gain-of-
function phenotype of mutant p53 proteins. Cancer Res 62: 3264–3270. PMID: 12036943
34. Sarig R, Rivlin N, Brosh R, Bornstein C, Kamer I, et al. (2010) Mutant p53 facilitates somatic cell repro-
gramming and augments the malignant potential of reprogrammed cells. J Exp Med 207: 2127–2140.
doi: 10.1084/jem.20100797 PMID: 20696700
35. Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH, et al. (2012) Mutant p53 disrupts mamma-
ry tissue architecture via the mevalonate pathway. Cell 148: 244–258. doi: 10.1016/j.cell.2011.12.017
PMID: 22265415
36. Adorno M, Cordenonsi M, Montagner M, Dupont S, Wong C, et al. (2009) A Mutant-p53/Smad complex
opposes p63 to empower TGFbeta-induced metastasis. Cell 137: 87–98. doi: 10.1016/j.cell.2009.01.
039 PMID: 19345189
37. Muller PA, Caswell PT, Doyle B, Iwanicki MP, Tan EH, et al. (2009) Mutant p53 drives invasion by pro-
moting integrin recycling. Cell 139: 1327–1341. doi: 10.1016/j.cell.2009.11.026 PMID: 20064378
38. Freed-Pastor WA, Prives C (2012) Mutant p53: one name, many proteins. Genes Dev 26: 1268–1286.
doi: 10.1101/gad.190678.112 PMID: 22713868
39. Strano S, Dell'Orso S, Di Agostino S, Fontemaggi G, Sacchi A, et al. (2007) Mutant p53: an oncogenic
transcription factor. Oncogene 26: 2212–2219. PMID: 17401430
40. Weisz L, Oren M, Rotter V (2007) Transcription regulation by mutant p53. Oncogene 26: 2202–2211.
PMID: 17401429
41. Wang XJ, Greenhalgh DA, Jiang A, He D, Zhong L, et al. (1998) Expression of a p53 mutant in the epi-
dermis of transgenic mice accelerates chemical carcinogenesis. Oncogene 17: 35–45. PMID:
9671312
42. Li B, Murphy KL, Laucirica R, Kittrell F, Medina D, et al. (1998) A transgenic mouse model for mammary
carcinogenesis. Oncogene 16: 997–1007. PMID: 9519874
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
PLOS ONE | DOI:10.1371/journal.pone.0118029 February 19, 2015 21 / 23
43. Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, et al. (2004) Mutant p53 gain of function in two
mouse models of Li-Fraumeni syndrome. Cell 119: 847–860. PMID: 15607980
44. Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, et al. (2004) Gain of function of a p53 hot spot mutation
in a mouse model of Li-Fraumeni syndrome. Cell 119: 861–872. PMID: 15607981
45. Sinn E, Muller W, Pattengale P, Tepler I, Wallace R, et al. (1987) Coexpression of MMTV/v-Ha-ras and
MMTV/c-myc genes in transgenic mice: synergistic action of oncogenes in vivo. Cell 49: 465–475.
PMID: 3032456
46. Hundley JE, Koester SK, Troyer DA, Hilsenbeck SG, Subler MA, et al. (1997) Increased tumor prolifera-
tion and genomic instability without decreased apoptosis in MMTV-ras mice deficient in p53. Mol Cell
Biol 17: 723–731. PMID: 9001226
47. Bearss DJ, Subler MA, Hundley JE, Troyer DA, Salinas RA, et al. (2000) Genetic determinants of re-
sponse to chemotherapy in transgenic mouse mammary and salivary tumors. Oncogene 19: 1114–
1122. PMID: 10713698
48. Purdie CA, Harrison DJ, Peter A, Dobbie L, White S, et al. (1994) Tumour incidence, spectrum and ploi-
dy in mice with a large deletion in the p53 gene. Oncogene 9: 603–609. PMID: 8290271
49. Jackson EL, Olive KP, Tuveson DA, Bronson R, Crowley D, et al. (2005) The differential effects of mu-
tant p53 alleles on advancedmurine lung cancer. Cancer Res 65: 10280–10288. PMID: 16288016
50. Wijnhoven SW, Zwart E, Speksnijder EN, Beems RB, Olive KP, et al. (2005) Mice expressing a mam-
mary gland-specific R270Hmutation in the p53 tumor suppressor gene mimic human breast cancer de-
velopment. Cancer Res 65: 8166–8173. PMID: 16166291
51. Liu G, McDonnell TJ, Montes de Oca Luna R, Kapoor M, Mims B, et al. (2000) High metastatic potential
in mice inheriting a targeted p53 missense mutation. Proc Natl Acad Sci U S A 97: 4174–4179. PMID:
10760284
52. Muller PA, Vousden KH (2014) Mutant p53 in cancer: new functions and therapeutic opportunities.
Cancer Cell 25: 304–317. doi: 10.1016/j.ccr.2014.01.021 PMID: 24651012
53. Terzian T, Suh YA, Iwakuma T, Post SM, Neumann M, et al. (2008) The inherent instability of mutant
p53 is alleviated by Mdm2 or p16INK4a loss. Genes Dev 22: 1337–1344. doi: 10.1101/gad.1662908
PMID: 18483220
54. Suh YA, Post SM, Elizondo-Fraire AC, Maccio DR, Jackson JG, et al. (2011) Multiple stress signals ac-
tivate mutant p53 in vivo. Cancer Res 71: 7168–7175. doi: 10.1158/0008-5472.CAN-11-0459 PMID:
21983037
55. Will K, Warnecke G, Wiesmuller L, Deppert W (1998) Specific interaction of mutant p53 with regions of
matrix attachment region DNA elements (MARs) with a high potential for base-unpairing. Proc Natl
Acad Sci U S A 95: 13681–13686. PMID: 9811860
56. Gohler T, Jager S, Warnecke G, Yasuda H, Kim E, et al. (2005) Mutant p53 proteins bind DNA in a
DNA structure-selective mode. Nucleic Acids Res 33: 1087–1100. PMID: 15722483
57. Gualberto A, Baldwin AS Jr (1995) p53 and Sp1 interact and cooperate in the tumor necrosis factor-in-
duced transcriptional activation of the HIV-1 long terminal repeat. J Biol Chem 270: 19680–19683.
PMID: 7649977
58. Chicas A, Molina P, Bargonetti J (2000) Mutant p53 forms a complex with Sp1 on HIV-LTR DNA. Bio-
chem Biophys Res Commun 279: 383–390. PMID: 11118296
59. Sampath J, Sun D, Kidd VJ, Grenet J, Gandhi A, et al. (2001) Mutant p53 cooperates with ETS and se-
lectively up-regulates humanMDR1 not MRP1. J Biol Chem 276: 39359–39367. PMID: 11483599
60. Stambolsky P, Tabach Y, Fontemaggi G, Weisz L, Maor-Aloni R, et al. (2010) Modulation of the vitamin
D3 response by cancer-associated mutant p53. Cancer Cell 17: 273–285. doi: 10.1016/j.ccr.2009.11.
025 PMID: 20227041
61. O'Farrell TJ, Ghosh P, Dobashi N, Sasaki CY, Longo DL (2004) Comparison of the effect of mutant and
wild-type p53 on global gene expression. Cancer Res 64: 8199–8207. PMID: 15548685
62. Tepper CG, Gregg JP, Shi XB, Vinall RL, Baron CA, et al. (2005) Profiling of gene expression changes
caused by p53 gain-of-function mutant alleles in prostate cancer cells. Prostate 65: 375–389. PMID:
16037992
63. Bossi G, Marampon F, Maor-Aloni R, Zani B, Rotter V, et al. (2008) Conditional RNA interference in
vivo to study mutant p53 oncogenic gain of function on tumor malignancy. Cell Cycle 7: 1870–1879.
PMID: 18594199
64. Acin S, Li Z, Mejia O, Roop DR, El-Naggar AK, et al. (2011) Gain-of-function mutant p53 but not p53 de-
letion promotes head and neck cancer progression in response to oncogenic K-ras. J Pathol 225: 479–
489. doi: 10.1002/path.2971 PMID: 21952947
65. Nagata S (1997) Apoptosis by death factor. Cell 88: 355–365. PMID: 9039262
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
PLOS ONE | DOI:10.1371/journal.pone.0118029 February 19, 2015 22 / 23
66. Ravi R, Bedi A (2002) Sensitization of tumor cells to Apo2 ligand/TRAIL-induced apoptosis by inhibition
of casein kinase II. Cancer Res 62: 4180–4185. PMID: 12154014
67. Yamane K, Kinsella TJ (2005) CK2 inhibits apoptosis and changes its cellular localization following ion-
izing radiation. Cancer Res 65: 4362–4367. PMID: 15899828
68. Desagher S, Osen-Sand A, Montessuit S, Magnenat E, Vilbois F, et al. (2001) Phosphorylation of bid
by casein kinases I and II regulates its cleavage by caspase 8. Mol Cell 8: 601–611. PMID: 11583622
69. Jiang J, Wei Y, Shen J, Liu D, Chen X, et al. (2007) Functional interaction of E1AF and Sp1 in glioma in-
vasion. Mol Cell Biol 27: 8770–8782. PMID: 17938207
70. Habelhah H, Okada F, Kobayashi M, Nakai K, Choi S, et al. (1999) Increased E1AF expression in
mouse fibrosarcoma promotes metastasis through induction of MT1-MMP expression. Oncogene 18:
1771–1776. PMID: 10208438
71. Poser I, Tatzel J, Kuphal S, Bosserhoff AK (2004) Functional role of MIA in melanocytes and early de-
velopment of melanoma. Oncogene 23: 6115–6124. PMID: 15208686
72. Bertling E, Hotulainen P, Mattila PK, Matilainen T, Salminen M, et al. (2004) Cyclase-associated protein
1 (CAP1) promotes cofilin-induced actin dynamics in mammalian nonmuscle cells. Mol Biol Cell 15:
2324–2334. PMID: 15004221
73. Gallagher WM, Argentini M, Sierra V, Bracco L, Debussche L, et al. (1999) MBP1: a novel mutant p53-
specific protein partner with oncogenic properties. Oncogene 18: 3608–3616. PMID: 10380882
p53 Null and Gain-of-Function Mutations in Mouse Salivary Tumors
PLOS ONE | DOI:10.1371/journal.pone.0118029 February 19, 2015 23 / 23
